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INTRODUCTION TO
SENSING AND ACTUATION
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GENERAL SCHEME OF SENSING AND ACTUATION

CONTROL OBJECT

! SO

ACTUATOR SENSOR

' 4

INTERFACE

8

b %

SIGNAL PRETREATMENT
OR TRANSDUCER

4

MICROPROCESSOR




Cluj school, September 2007

WHAT MEANS SENSING?

TO DETECT PROPERTIES SUCH AS

temperature, humidity, pressure, magnetic
field, displacement, speed, chemical
composition, light colour and intensity, etc.

BY MEANS OF A PHYSICAL OR
CHEMICAL EFFECT

Sensing materials: ceramic, organic, metallic,
composite, etc. and can be realized in bulk

form or in

g INTEGRATION
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DOMAINS OF APPLICATION OF SENSORS

Security Environment

Medical equipment Energy sources

Industrial measurements
R

Automotive industry ,ﬂ.él‘eﬁtrical appliances
F, -

Food and agriculture

.‘—-IHI-I’.- —I_-_—I'-—I-‘r_rl"

Optical =&~ — _ -~
55 crears et
humidity ~ Acusticaland ~ Temperature
sensors pressure sensors
sensors
7
——

They substitute or complement our five senses
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WHAT MEANS ACTUATION?

TO TRANSFORM AN INPUT SIGNAL (MAINLY
ELECTRICAL) INTO MOTION

BY MEANS OF ELECTROMAGNETIC,
PIEZOELECTRIC, MAGNETOSTRICTIVE,
ELECTROSTRICTIVE,... EFFECTS

Examples of actuators: electrical motors,
relays, electrovalves, piezoelectric actuators,
etc. and can be realized in bulk form or with

thin-film technology

\ S INTEGRATION
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EXAMPLE OF SENSING AND ACTUATION: TEMPERATURE REGULATION

“classically”
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EXAMPLE OF SENSING AND ACTUATION: TEMPERATURE REGULATION

“modernly”
incide Temperatire >
SENSOr Contral Signal o
-
Chutside Temperature . Fuzzy Cooling Valve
SENSOr
Temperature - | Sl

WindSpeed o Controfler anira Eﬂa i
SENsOr Heating Valhve
Fadiation . for an
= _ .

ENSOT Automobile Controd &Eﬂﬂf to
ity > Hurmiidifing Vabhe

e

SENSING TRANSDUCING MICROPROCESSOR INTERFACING ACTUATION
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PARADISE FOR SENSING AND ACTUATION: ROBOTS

; _ HIGH RESOLUTION
w’/‘ CCD VIDEO CAMERA

VIOEQ TRANSMITTER ..
R

PROGRAMMASBLE

ORIVE “KiLL” A PROXIMITY SENSOR

RECEIVER ™=

MICROWAVE MOTION

DETECTOR POSITIONABLE

" ULTRASONIC SENSOR

NAVIGATIONAL

#” ULTRASONIC ARRAY
SMOKE DETECTOR | T N «
:%«; - oy AUDIO SPEAKER
PASSIVE INFRARED 45— | 4 '@

MOTION DETECTORS

W _ ULTRASONIC
OPTICAL MOTION - -~ TRANSDUCERS

DETECTORS

RIGHT REAR .|  PASSIVE INFRARED

ACCESS DOOR L |7 MOTION DETECTOR
TOXIC GAS d
SENSOR ™ T @ COLLISION AVOIDANCE
e / ULTRASONIC ARRAY

QUICK RELEASE _
PIN

_ FORWARD FLOOR
SCANNER

TACTILE
FLOOR SENSOR BUMPERS
RIGHT DRIVE — FLOOR
WHEEL Ve i SENSOR
e RECHARGING
FLOOR SENSOR ™ PROBES

Robot Sensors

o | Potentiometers
s Synchros & Resolvers
{?‘é Optical Encoders Incremental
g Absolute
Hall-Effect
Switches Microswitchs
Pneumatic Touch Sensor
Digital Tactile Sensor Array
Piezoresistive Conductive Elastomers
§ Carbon Felt & Carbon Fibers
“g Piezoelectric Polymers
w2 | Optical Sensors Frustrated Internal Reflection
Opto-Mechanical
Ultrasonic
Capacitive
Electrochemical
o | Ranging (Distance) SONAR
5% LIDAR IR (Infrared)
- Laser
§ RADAR
ﬁ Vision Sygtarﬁs LIDAR (LIght Direction And Ranging)

LADAR (RAdio Direction And Ranging)

...LIFE OF SENSING AND ACTUATION

CAN BE VERY COMPLEX
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INTEGRATION OF SMALL SENSORS AND ACTUATORS:
MICROELECTROMECHANICAL SYSTEMS (MEMS)

MEMS FOR SENSING: MEMS FOR ACTUATION:
* PRESSURE SENSORS *MICROVALVES
*ACCELEROMETERS *MICROMOTORS
*FLOW SENSORS *INKJET PRINTERS

FORCE ELECTRODE

SENSE ELECTRODE SENSE ELECTRY
COMPOSITE SPRINGS _\ /_

SEAL AREA
\ \'rop COVER
BOND WIRE
o } PROOF MASS

/ BOTTOM COVER

g i . 7

RELEVANT ASPECTS OF MEMS:

*THEY USE INFRASTRUCTURE AND TECHNOLOGY ALREADY EXISTING FROM
THE INDUSTRY OF INTEGRATED CIRCUITS

*LARGE POTENTIAL MARKET EVEN THOUGH STANDARIZATION IS REQUIRED

oF

(
\?!a

%
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INTRODUCTION TO
MAGNETIC SENSING AND
ACTUATION
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MAGNETIC SENSING AND ACTUATION

MAGNETIC
SENSING

MAGNETIC
ACTUATION

\/
\/
-INDUCTIVE SENSORS Input electrical energy in the
-HALL SENSORS form of voltage and current is

ESISTIVE SENSOR converted to magnetic
-MAGNETORESISTIVE SENSORS energy, which produces a

-SQUID SENSORS magnetic force able to
generate motion.




Cluj school, September 2007

AUTOMOTIVE INDUSTRY AERONAUTICS

MANUFACTURING INDUSTRY COMPUTER DISK DRIVES

OVERVIEW OF THE

° F APPLICATION OF MAGNETIC
SENSORS AND ACTUATORS
BIOMEDICAL PROSTHESIS
R LOUDSPEAKERS >
SONAR

Loud Speaker Mechanism
SONAR-- Sound Navigation and Ranging.
Echoes are measured.

(e

Electric currents from the amplifier pass through
sonar.gif the coils. This creates a magnetic field that interacts
with the permanent magnet to vibrate the cone.
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EXAMPLE OF MAGNETIC SENSING AND ACTUATION

oo | READING  WRITING
e . ELEMENT 5  ELEMENT

Base Casting

Spindle

MAGNETIC
SCREENING

Slider (and Head)
Actuator Arm

Actuator Axis
Case

Mounting

Actuator Holes

Platters

\ Ribbon Cable
(attaches heads

SCSI Interface to Logic Board)

Connector
Jumper Pins

Tape Seal

Power
Connector

Jumper

MAGNETIC  MAGNETORESISTIVE ~ RECORDING
BIT SENSOR ~ TRACK |

Based on GMR or TMR Continuous layer with a Co-

based alloy bearing 15 nm grains
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COMPARISON OF MAXIMUM ENERGY DENSITY

OF VARIOUS ACTUATION MECHANISMS

o0

%

o?r:]

Max. Approximate
enerqgy Physical & material Estimated  order
Actuation density parameters conditions  (J/cm3)
Electrostatic Y &, E° E = electric fisld 5 Viwm ~0.1
£ = dielectric permittivity
Thermal % ¥(@ATY @ = coefficient of expansion 3 x 0% c -5
AT = lemperature rise 100* C
¥ = Young's modulus 100 GPa
Magnetic Ya B g B = magnetic field 01T ~ 4
Hig = magnetic permeability
Piezoelectric % ¥(dwE)®  E = electric field 30 Vigm ~0.2
¥ = Young's modulus 100 GPa
thy = plezoelactric 2% 107 om
Constant
Shape — Critical temperature ~ 10 [from
mMEmOory reparts in
alloy literature]

L Actual anergy oulput may be substantially lower depending on the overall efficiency of the system.
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MAGNETIC SENSING
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MOST RELEVANT TYPES OF MAGNETIC SENSORS

Shielded Sensor

TNV TN The induced voltage is
Mass| \\2 \\\!{ Mats
Shial : Sheid !( {BA

— INDUCTIVE HALL , _ 1B

O SQUID

Input coil
MAGNETO
RESISTIVE SQUID 1
500 280 0 280 500 %’%kup
Fiald {O=) Coil
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ROUGH COMPARISON OF MAGNETIC SENSORS

Tvpe E INDUCTIVE HALL MAGNETO SQUID
sensor RESISTIVE
sensitivity | average |average |good very good
nT range |pT range |fT range
Handling | easy but |easy easy not easy
not (low
integrated temperature)
Cost cheap cheap less much
cheap less

cheap
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IMPORTANCE OF MR SENSORS IN THE STORAGE DENSITY INCREASE

The Shrinking Bit Cell

[pt]

338um

—

5 Gbitfin?
14:1

10 Ghitfin?
13:1 20 Gbitfin?

Trackwidth, z m

34um

1

1241 40 Gbitfin®

81 80 Gbit/in?

081 um
062 um

4.5:1
el 2
© I s |

b

bitfin®)

g:n

0195 um 0098 gm

0071 ugm 0052 um 0045 0.042
Bit length, u m

ED GROCHOWSKI at ALMADEN

]
s

Areal density |

10°
TMR head/CPP-GMR head o

12 F Perpendicular recording i

Wil Demnnstrais-:-ns"'f* .Spin-ualu
10 GMR
10° |
107 F
0™

i r'"f Femite head
i

Coating disk Sputtered metal disk

i D—: ] ] 1

1570 1950 1990 2000

‘fear




SR miSelechy
Y plelsdieice el

Active Area Dimensions | 2-15 um?

Active Area Thickness 3-12 nm

Field Noise E quivalent (100 Hz) 100 nT/Hz "=

Ficld Noise Equlvamm 5 mzm

Total Magnetoresistance 80-200%

Hysteresis (1 G Sweep Range) 001G

Non-linearity (1 G Smwp Range) |_ 025%

Field Sensitivity 0.1-1 0 %/G (resistance changg)

Sensorimpedance | Customizable from 10-10°C
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MAGNETIC BIOSENSORS
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RECOGNIZING
ELEMENT

L 1 10

BIOSENSOR

Compact analysis device including:

Biological recognizing element
(Ab, DNA, enzyme, cell...)

I
Transduction system

Interaction / Hybridization
Targeted (bio)molecule — Recognizing element

Variation of physical/chemical properties
(pH, transfer of e-, magnetic or optical properties, etc.)

OUTPUT SIGNAL

Applications - clinical diagnosis

- environment, agriculture
- chemical, farmaceutics and food industries
- military industry
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Desired properties of a biosensor

» High sensitivity (mg/l, ug/l o mayor)

* High selectivity

» High fidelity: noiseless transducer

» Short analysis time — Real time analysis

* Miniaturization - Portable

» Automatization

» Simple handling

*No high-profile personnel
*No sample pre-treatment
* Long lifetime

» Reutilization

* Low production cost

» Multi-analysis capacity
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CLASSIFICATION OF BIOSENSORS

Type of interaction Detection of the interaction
Biocatalyst Direct
Bioaffinity Indirect
Recognition element Transduction system
Enzyme Electrochemical
Tissue or complete cell Optical
Biological receptor Piezoelectric
Antibody <:> Thermometric
Nucleic acids Nanomecanical

Electromagnetic

»Lab-on-a- chip
This name has been coined for the
systems where the sensor is
integrated in the recognition platform,
which favours miniaturization and
efficiency

It depends on the
characteristics of the
targeted analyte
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MAGNETIC BIOSENSORS

KEY CONCEPT: DETECTION OF THE MAGNETIC PARTICLES
USED TO TAG THE RECOGNITION EVENTS

» LABEL: MAGNETIC PARTICLE

FUNCTIONALIZATION OF THE
MAGNETIC NANOPARTICLE

.
.
.
.
.
o
.
o
.
.
.
.
.
.
i“‘
.
.
.
.
.
.
o
.
.
.
.
.
o

............... ¥ ANALYTE (hormone, antibody, virus DNA
........................... chain,...)

ELEMENT FOR RECOGNITION OF THE
ANALYTE (antigen, DNA chain,...)

Substrate / support
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1) INDUCTIVE DETECTION OF THE MAGNETIC NANOPARTICLES

*PRIMARY COIL. it creates

Secondary an alternating magnetic field

. colls that polarizes the magnetic
moment of the particles

/ RI | Insulator l

*SECONDARY COIL: an
[ Primary coil | induced voltage occurs
(Faraday and Lenz laws)

| Insulator I
\ A Vinducea=-dP/dt
Substrate

Wound in series-oposition
So that the captured
magnetic flux be zero in
the absence of magnetic
nanoparticles

S. Baglio et al., IEEE Sensors Journal 5 (2095) 372 :0 vV
out
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2) DETECTION OF THE DIPOLAR MAGNETIC FIELD PRODUCED
BY THE NANOPARTICLES

HALL SENSOR
or
AMR SENSOR

or
GMR SENSOR

or
Y Y Y TMR SENSOR

>
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VIA GMR SENSORS

DETECTION OF WARFARE AGENTS FOR Label

CHEMICAL WAR BY MEANS OF A (streptavidine+nanoparticles)
“BEAD ARRAY COUNTER”’=BARC <

TEST

*. CONTROL

probe (DNA Analyte
de BB, FT e (cDNA+
75 i YP) biotine)
> =
E E E ..... v
:?:. ...........
% § ......
s o -
= . insulator
¢ | 2% Z o GMR sensor
4} = " _._-' i
E* o 3o Single substrate
|E - _!'f:_._i,:r-,._e,_lt;_:.-qﬂ-’::l:flsn;;r

signals
% THIS KIND OF TECHNOLOGY HAS BEEN APPLIED

Sensor Elements FOR THE DETECTION OF GENE MUTATIONS

Naval Research Laboratory: D.R. Baselt et al., Biosensors and Bioelectronics 13 (1998) 731, M.M. Miller
et al., J. Magn. Magn. Mater. 225 (2001) 138; P.P Freitas et al., Europhysics News 34 (2003) 224




APy
oo P AR

J.M. De Teresa, C. Marquina, R. Ibarra, J. Sesé, J.A. Valero

(previously also D. Serrate y D. Saurel)

In collaboration with:
-R. Fernandez-Pacheco, V. Grazu, etc.
-P. Freitas (INESC, Lisbone)

-CerTest company (C. Génzor)




DESCRIPTION OF A LATERAL-FLOW TEST

« Label: colloidal /
" magnetic particle

¥ Particle
’ functionalization

o
.
K
.
o

(gonadotropine
hormone)

- MH109
(recognizing
antibody)

nitrocelullose /

/

Test line

Strip before test

Test starts

top view

Positive test: both red and
blue colloids become
trapped in the strip

Negative test: only the
blue colloids become
trapped in the strip

Control line wiE

\ |

—_

———
2000 D

m VY vy -

s ev. E—
sy bt




OUR AIM IS TO PERFORM QUANTITATIVE AND HIGH-SENSITIVE
DETECTION IN LATERAL-FLOW TESTS

*Use of commercial
nanoparticles by
ESTAPOR 30/40 10%

(diameter 300-500 nm with
30-60% ferrite and covered

with polystyrene)

Funcionalization
with sugar-like

groups @

Better result

Funcionalization
with amino groups

>



INDUCTIVE DETECTION IN LATERAL-FLOW TESTS

hosen(mt) hosen(mt)
PRIMARY 1 1
OIL STRIP [—— E L
V=0 VoemX o hocos(mt) hoseiifot
= _f 1
Voc-mXohocos(mt)
MAGNETIC
NANOPARTICLES
4
posicion

10000

The output signal is
proportional to the excitation
amplitude, the frequency, the

number of turns and filling
factor and, of course, to the ~8—tstapor serie2
magnetic susceptibility of the

10 -
E //.’ Fel90nm
magnetic nanoparticles 14

|=0.188Arms (30 QOe),
3.33kHz, Tc=100ms

1000

100

—4#—Estapor seriel

\
W

m; magnética {microV).

0.01 0.1 1 10




INDUCTIVE DETECTION IN LATERAL-FLOW TESTS

New sensor design:
For standard lateral-flow nitrocellulose strips Pl [FEUleEEse
oIt allows independent measurement of the signal from particles and from surroundings

excitation coils
low pass filter D OUTPUT

detection coils

demodulator
inverter

FET
preamp
Inmunoassay
stripe
(~) phase
. adjust
signal generator
100kHz
i 7.00E-05 oo —M
B - 0.90 =
6.00E-05 3=
E - . .. B deltaM/deltaH relative 2%
5.00E-05 E 0.70
. . = «? # deltah/deltaH relativo 0.08%
4.00E-05 —l— 2% M sin sustrato A magnetlc fleld .§ 0.60 & = e
{emu) =
0.50
| 23 0005 —4—0.08% M sin sustrato Of 1000 Oe ; & =
| e + femu) £ 040
Tz
A saturates the Z L
=
L] 1)
f T @20
. ‘ : signal from the .
S v v v v a9 0.10 -
nanoparticles 'ﬁ'. " -
00E+00 50E+03 1.0F+04 15E+04 2.0F+04 256404 3.0E+04 10 100 1000 e
-1.00E-05 o oc




MAGNETORESISTIVE DETECTION IN LATERAL-FLOW TESTS

“WHEEL
DEVICE” m

PATENT P200603259

STRIP 1
A
MECANICA
SYSTEM
HELMHOLTZ «

COILS



Resistance (ohms)

MAGNETORESISTIVE DETECTION IN LATERAL-FLOW TESTS

|

ﬁ

. J

L ”H

il

10400 -
10300:
10200:
10100:
10000:
9900:
9800:
9700:
9600:

9500

MR= 7%

GMR SENSORS
_ MICROFABRICATED
—— IN INESC, LISBONE

1-for wira

rietineg __\"': ..... .=

I contact cjtening \_3':"“ ualwﬁsﬂ /N pads{znd]l BT

-80

-60 -40 -20 O 20 40 60 80
Applied field (Oe)

= t-:\ Bl

~ pAsy axis easy axis

__.—

pinned CoFe free CoFe

AlLO, 4 T (I Hy)

= FPEE L
50 nm



MAGNETORESISTIVE DETECTION IN LATERAL-FLOW TESTS

WE APPLY A PERPENDICULAR
MAGNETIC FIELD BY MEANS OF A
PERMANENT MAGNET TO AVOID
THE USE OF HEMHOLTZ COILS

WHEEL




MAGNETORESISTIVE DETECTION IN LATERAL-FLOW TESTS

INFLUENCE OF THE PERPENDICULAR FIELD ONTO THE

10400

10200

Sensor #5 resistance
(ohms)

CoFe pinned layer

10000
9800

9600

80

SENSOR RESPONSE
Perpendicular_o -«
FJerpendicular=-I 50 Oe
—80‘ -60‘ L4O‘ -20“ 0 ‘20 ‘40 | ‘60“ |
H(Oe)
—

CoFe free layer

I H=140 Oe



Sensor resistance change (Q)

1.0
1.5

-2.0

MAGNETORESISTIVE DETECTION IN LATERAL-FLOW TESTS

2.0 -
1.5
1.0

0.5 1

hcg hormone: 25 mU/ml
(functionalization with
sugar-like groups)

0.0 -gll}....“‘.

-0.5 -

At

‘Mf

"\...l"'-"‘_

d.c. measurement |

-2

X position (mm)

WE OBTAIN A

0

1

QUANTITATIVE OUTPUT
BUT BETTER SENSITIVITY

IS REQUIRED

|
]

l

" ._JJN.“

: FW
o w;.,_.....Lk-i

1ﬂ°uu &:\.-.u lﬂnu 120 6my 3ml 16 QI OB : 4:

—

25 “

Sensor resistance maximum change (Q2)

2|
[
15F
¥
1 i
05 I d.c. measurements
0 E . . . | . . . | . . . . . . | . . . | .
0 20 40 60 80 100

hcg hormone concentration (mU/ml)



MAGNETORESISTIVE DETECTION IN LATERAL-FLOW TESTS

NEXT STEP: USE OF TMR SENSORS BASED ON MgO
BARRIERS (MR~150%), WHICH MEANS 50 TIMES HIGHER
SIGNAL, INTEGRATED ON ac WHEASTONE BRIDGES

Cx Noise sources: thermal, shot, 1/f, magnetic
R, R
c. Thekr)oisetcr?nhbfe minimi;ed ; ayl’R%, ‘
working at high frequencies BVETT
™) (null) Af
] N 2 A Area=1x2 ym*
R R 1E-18+ ?MS—J; 2%
N
L 1E-17 4
] . [ L] w> | ‘ ) "
If we increase the signal to noise ratio, 1E.18. Lo
5 ono o c s OmA 4 H
we expect to get high sensitivity in our
magnetoresistive biosensor
1E-18

20 500

Frequé%ocy (kHz)
Ferreira et al., J. Appl. Phys. 99, 08K706 (2006)
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CONCLUSIONS ANS PERSPECTIVES

MAGNETIC SENSING
AND ACTUATIONIS A
WELL-ESTABLISHED
TECHNOLOGY IN THE

FIELD OF SENSING
AND ACTUATION

ON TOP OF CLASSICAL
APPLICATIONS, GREAT
OPPORTUNITIES ARE
OPEN IN THE FIELDS OF

MEMS/NEMS AND IN
MAGNETIC BIOSENSOR




: ‘ YOUR ;
ATTENTION -

LATEST NEWS:

FIESTA IS NOW
ALLOWED!



